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Abstract

Among the multi-metallic nanocatalysts, Pt-based alloy nanocrystals (NCs) have demonstrated
promising performance in fuel cells and water electrolyzers. Herein, we demonstrate a facile colloidal
synthesis of monodisperse trimetallic Pt–Fe–Ni alloy NCs through a co-reduction of metal precursors.
The as-synthesized ternary NCs exhibit superior mass and specific activities toward oxygen reduction
reaction (ORR), which are ∼2.8 and 5.6 times as high as those of the benchmark Pt/C catalyst,
respectively. The ORR activity of the carbon-supported Pt–Fe–Ni nanocatalyst is persistently retained
after the durability test. Owing to the incorporation of Fe and Ni atoms into the Pt lattice, the as-
prepared trimetallic Pt-alloy electrocatalyst also manifestly enhances the electrochemical activity and
durability toward the oxygen evolution reaction with a reduced overpotential when compared with
that of the benchmark Pt/C (!η= 0.20 V, at 10 mA cm−2

). This synthetic strategy paves the way for
improving the reactivity for a broad range of electrocatalytic applications.

Keywords: trimetallic nanocatalyst, ORR, OER

(Some figures may appear in colour only in the online journal)

1. Introduction

The development of advanced electrocatalysts is a significant
step toward improving their catalytic performance in elec-
trochemical applications such as fuel cells and water elec-
trolysis [1–3]. Due to the sluggish kinetics of oxygen
reduction reaction (ORR) and oxygen evolution reaction
(OER), considerable efforts have been made to improve the
design of nanocatalysts and facilitate the aforementioned
reactions [4–6]. Among the reported electrocatalysts, Pt-based
nanocrystals (NCs) are still identified as one class of the most
promising candidates [7–9].

To lower the cost and tailor the d-band structure of Pt-
based catalysts, breakthroughs in advancing their syntheses
have been achieved in three aspects: alloying Pt with 3d

transition metals, tuning the particle morphology and size, and
optimizing the surface structure and composition [10–14]. For
example, the incorporation of a second or third metal into the
Pt lattice to form alloys or intermetallics could result in
enhanced catalytic performance due to the ligand, ensemble,
and strain effects [1, 3, 5]. Using these strategies, shape-,
composition- and surface structure-controlled CuNi@Pt-Cu
core@shell nanocatalysts, as a paradigm of the synthesis, were
developed using octahedral CuNi NCs [15–17] as the template
through a colloidal seed-mediated approach [18]. With strain
effects and ligand effects presented in such a structure, the
resultant nano-architectures demonstrated superior activity for
electrochemical methanol oxidation when compared with the
benchmark Pt/C and Pt-Cu/C counterparts [19].

Although the intrinsic catalytic properties could be tuned
through the ligand, ensemble, and strain effects, which could
originate from a bimetallic system, there are still limited
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studies on trimetallic Pt-based nanocatalysts [18, 20–24].
Wang et al reported trimetallic PtPdCu porous nanocubes and
nanodendrites by co-reducing Pt, Pd, and Cu precursors in an
aqueous solution [23], demonstrating higher mass activity and
longer durability toward an electrochemical methanol oxida-
tion reaction (an anode half-reaction of the fuel cells) than
those of the benchmark Pt/C catalyst. However, the more
sluggish kinetics of ORR (the cathode reaction of the fuel
cells) has become the main roadblock to the development of
fuel cell technologies. It is urgent to identify and develop
efficient and low-cost electrocatalysts for ORR. A recent
report showed that sub-6 nm monodisperse ordered
L10–Pt–Ni–Co nanoparticles can efficiently enhance the ORR
[22], stimulating the interest in developing other types of Pt-
based trimetallic electrocatalysts to facilitate the ORR
performance.

Herein, we reported a facile one-pot synthesis of trime-
tallic Pt–Fe–Ni NCs by co-reducing all the metal precursors
together. The composition, structure, and size of the resultant
products were characterized by using an inductively coupled
plasma-optical emission spectrometer (ICP-OES), high-reso-
lution transmission electron microscopy equipped with
energy dispersive X-ray (EDX), and X-ray diffraction (XRD).
The electrochemical performance of the carbon-supported Pt–
Fe–Ni nanocatalyst was also evaluated toward ORR and OER
in alkaline media. The as-prepared nanocatalyst exhibited
enhanced ORR and OER activities and durability when
compared with the benchmark Pt/C samples, paving the way
for designing and synthesizing Pt-based trimetallic nanoca-
talysts with size control.

2. Experimental section

2.1. Chemicals and materials

Oleylamine (OAm, 70%), oleic acid (OA, 90%), anhydrous
acetone (99.5%), anhydrous hexane (98.5%), Nafion® 117
solution (5%), benzyl ether (BE, 98%), tungsten hex-
acarbonyl (W(CO)6, 97%), potassium hydroxide (KOH,
99.95%), and sodium hydroxide (NaOH, 97%) were pur-
chased from Sigma–Aldrich. Platinum (II) acetylacetonate
(Pt(acac)2, 99.9%), iron (II) chloride tetrahydrate
(FeCl2·4H2O, 95.0%), and nickel (II) chloride hexahydrate
(NiCl2·6H2O, 99.8%) were obtained from Alfa–Aesar. Per-
chloric acid (∼70%) was ordered from ACROS. Anhydrous
ethanol (200 proof) was received from PHARCO-Aaper. The
benchmark Pt/C catalyst (containing 20 wt% Pt with support
of Vulcan XC-72R) was purchased from Fuel Cells Store.

2.2. Synthesis of Pt–Fe–Ni nanocrystals

Pt–Fe–Ni trimetallic NCs were prepared using a one-pot
colloidal synthetic method. Typically, 0.05 mmol of
FeCl2·4H2O, 0.05 mmol of NiCl2·6H2O, and 0.05 mmol of
Pt(acac)2 were loaded into a three-neck flask containing
7.0 ml of BE, 2.0 ml of OAm, and 1.0 ml of OA. After
degassing the mixture under vacuum at 110 °C for at least 1 h,

the clear solution was heated to 130 °C in 3 min under the
protection of an argon atmosphere. 50.0 mg of W(CO)6 was
added to the vigorously stirred solution. The temperature was
then raised to 230 °C within 10 min and remained there for
30 min before cooling to room temperature. The resultant
dark-brown suspensions were precipitated by adding 20 ml of
mixed absolute ethanol and hexane (1:1 in vol) and sub-
sequent centrifugation. The precipitates were further dis-
solved in 10 ml of hexane and re-precipitated by adding 10 ml
of absolute ethanol and centrifugation, followed by one more
cycle of washing. The cleaned Pt–Fe–Ni nanocatalyst was
finally dispersed in anhydrous hexane as stocking suspensions
protected using an argon atmosphere.

2.3. Catalyst ink preparation and electrochemical evaluation

To prepare carbon-supported Pt–Fe–Ni nanocatalyst (∼20 wt%
Pt), a certain amount of the Pt–Fe–Ni stock suspensions in
hexane were drop-wisely added to the mixture of hexane/
carbon black (Ketjen black, EC600) with desired carbon frac-
tion under an ultrasonication (the temperature was maintained
around 0 °C using an ice-bath). Once this step was complete,
the carbon-loaded nanocatalyst was further cleaned using
0.1 M NaOH/CH3OH solution and collected by centrifugation
at 9,000 rpm. They were further washed using ethanol at least
three times to remove the potential organic residues. Finally,
the carbon-supported nanocatalyst was dried in a vacuum oven
at room temperature (∼21 oC) overnight to remove the solvent.
The actual Pt-fraction in the as-prepared nanocatalyst was
determined using ICP-OES, and accordingly adjusted. 4.0 mg
of the carbon-loaded nanocatalyst (designated as Pt–Fe–Ni
NCs/C, vide infra) were dispersed into 2.0 ml of a pre-pre-
pared solution consisting of 1.6 ml of ultrapure water, 0.4 ml of
isopropanol, and 20.0 μl of Nafion solution (5 wt%), yielding a
homogenous ink solution. Next, 20 μl of such a catalyst ink
was deposited onto a glassy carbon (GC) rotating disk elec-
trode (RDE, 5 mm in diameter) and dried naturally to form a
uniform thin film for the electrochemical evaluation. The film
of benchmark Pt/C (20 wt% Pt) catalyst was prepared on an
RDE using the same procedure. The final mass loadings of Pt
for Pt–Fe–Ni NCs/C and for benchmark Pt/C on the electrode
were determined as 20 μg cm−2.

For the ORR study, electrochemical activation of the as-
prepared nanocatalyst on a GC RDE was performed at an
electrochemical workstation (Gamry, 1000E) by 50 cycles of
cyclic voltammetry (CV) between 0.05 and 1.2 V versus
reversible working electrode (RHE) at a sweeping rate of
100 mV·s−1 in N2-saturated 0.1 M HClO4 solution. We used
acidic media in this step since the existence of oxophilic Ni
and/or Fe components on the catalyst surface might block the
subsequent ORR performance [25]. ORR polarization curves
were then recorded using the linear sweep voltammetry
(LSV) technique at a scan rate of 5 mV·s−1 and a rotating rate
of 1,600 rpm in O2-saturated 0.1 M KOH solution. The
kinetic current ( jk) at 0.9 V (versus RHE) was derived from
the Koutecký–Levich equation: jk = ( jlim × j)/( jlim - j), where
jlim is the kinetically limited current, j is the measured current
density. The mass activity (MA, A/mg) was calculated using
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the equation: MA = jk/mPt, where the mPt stands for the mass
of element Pt loaded on the electrode.

For the OER study, electrochemical activation of the as-
prepared nanocatalyst on a GC RDE was similarly performed
by 50 cycles of CV between 0.05 and 1.2 V (versus RHE) at a
sweeping rate of 100 mV·s−1 in N2-saturated 1 M KOH
solution. OER polarization curves were then recorded using
LSV mode in O2-saturated 1 M KOH solution at a scan rate of
5 mV s−1 in the range of 1.2 V to 2.0 V (versus RHE).

A Ag/AgCl electrode in saturated KCl solution and a
graphite rod were used as the reference and counter electro-
des, respectively. All potentials referred to as the RHE were
converted using the equation of ERHE = EAg/AgCl +

0.059 × pH + 0.197. The overpotential (η) of OER was
calculated using the following formula: η = ERHE−1.23 V.

2.4. Structure and composition characterizations

A 200 kV field-emission transmission electron microscope
(TEM) and a JEOL 2100F TEM were used for collecting low-
resolution TEM images. Hitachi 2700C TEM was used for
HAADF-STEM imaging as well as EDX elemental mapping.
Composition analysis was carried out on an Optima 7000 DV
ICP-OES spectrometer. XRD characterization was carried out
using a Panalytical X-ray diffractometer equipped with a Cu
Kα1 source, λ = 1.54056 Å. The diffraction signals were
recorded with the 2θ step size of 0.02°.

3. Results and discussion

In the Pt–Fe–Ni NC preparation, we adopted the bimetallic
synthesis strategy that we reported previously [26, 27]. The
tungsten (W) and gaseous carbon monoxide (CO) in situ

released through the thermal decomposition of W(CO)6 act as a
reducing agent and a facet-crystallization facilitator for Pt-
based products, respectively. Figure 1(a) shows a typical TEM
image of the as-synthesized Pt–Fe–Ni NCs with an average
diameter of 8.7 ± 0.5 nm (figure 1(b)). The high-resolution
TEM (HRTEM) image taken from an individual NC along the
[001] zone axis is shown in figure 1(c). The lattice spacings are
measured to be 2.24 Å and 1.94 Å, corresponding to the (111)
and (200) planes of the Pt–Fe–Ni NC. These values also match
well with the (111) and (200) lattice spacing calculated from
the powder XRD pattern shown in figure 1(d). Furthermore,
the alloyed Pt–Fe–Ni structure with uniform distributions of Pt,
Ni, and Fe is validated by the EDX elemental mapping on a
typical NC (figure 2(a)–(c)). HAADF-STEM EDX line scan
profile across a typical Pt–Fe–Ni NC shown in figure 2(d)
confirmed that all the metal elements are saturated and dis-
tributed uniformly across the whole NC. The atomic proportion
of Pt, Fe, and Ni in the Pt–Fe–Ni NC was determined as 76 :
16 : 8, which is considered consistent with the molar fraction of
Pt, Fe, and Ni determined using ICP-OES (Pt : Fe : Ni = 73 :
17 : 10).

To evaluate the electrochemical performance, the pristine
Pt–Fe–Ni NCs were first loaded onto carbon black as
described above, denoted as Pt–Fe–Ni NCs/C. The HAADF-

STEM image of the Pt–Fe–Ni NCs/C nanocatalyst shown in
figure 2(a) illustrates a considerably homogenous distribution
of NCs on the carbon support. After transferring the catalysts
Pt–Fe–Ni NCs/C and benchmark Pt/C onto RDE, their

Figure 1. A typical TEM image (a) and the corresponding size
distribution histogram (b) of the as-prepared Pt–Fe–Ni NCs. (c)
HRTEM image of a typical Pt–Fe–Ni NC. (d) XRD pattern of the
carbon-supported Pt–Fe–Ni NCs (Pt–Fe–Ni NCs/C). The lines on
the bottom represent standard JCPDS ICDD cards. Green: Pt,
01–1190; blue: Ni, 01–1258; red: Fe, 01–1252.

Figure 2. (a, b) HAADF-STEM image of Pt–Fe–Ni NCs/C catalysts,
(c) EDX elemental mapping of two individual Pt–Fe–Ni NCs, and
(d) HAADF-STEM EDX line scan profile across a typical Pt–Fe–
Ni NC.
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catalytic activities of ORR and OER were subsequently
evaluated in O2-saturated 0.1 M KOH and 1 M KOH solu-
tions, respectively. Before these determinations, CO-stripping
curves and CV profiles were also acquired accordingly.

Figures 3(a), (b) presents the CO-stripping curves (black
line) and CV profiles (red line) in the potential range of
0.05–1.2 V versus RHE. To calculate the specific electro-
chemical surface area (ECSAsH-upd) determined from hydro-
gen UPD (HUPD), charges from CV curves were integrated
with the potential range of 0.1–0.5 V. The specific
ECSAsH-upd of Pt–Fe–Ni NCs/C and Pt/C were determined
as 29 m2 g−1 and 68 m2 g−1, respectively. The specific
ECSAs were further confirmed using a CO-stripping experi-
ment in 0.1 M KOH solution as well (designated as
‘ECSAsCO’). As indicated in figure 3, the ECSAsCO of Pt–
Fe–Ni NCs/C and Pt/C were determined by integrating
charges from CO-striping peaks in the potential range of
0.4–1.0 V, and calculated as 36 m2 g−1 and 72 m2 g−1,
respectively. The ratio of ESCAs calculated from the HUPD

and CO-stripping for Pt–Fe–Ni NCs/C was 1.00 : 1.29. This
result is in agreement with the previous observation, in which
the HUPD of Pt-based nanoalloys was substantially suppressed
when compared to that of pure Pt due to the altered electronic
structure on their Pt-skin-like surface [28–31]. In addition, the
intensity of a shoulder peak around 0.6 V versus RHE of the
CO-stripping profile is stronger in the case of Pt–Fe–Ni NCs/
C than that of the benchmark Pt/C, implying the presence of
Fe or Ni atoms on the surface and/or subsurface and the
lower CO-stripping potentials facilitated by these 3d-trans-
ition atoms [25, 32].

Figure 4(a) shows the positive-going ORR polarization
profiles recorded on the Pt–Fe–Ni NCs/C and benchmark Pt/
C at a scan rate of 5 mV s−1 and a rotation speed of 1,600 rpm
in O2-saturated 0.1 M KOH solution. Without iR compensa-
tion, the Pt–Fe–Ni NCs/C exhibited an E1/2 value of 0.890 V
versus RHE, which is 25 mV higher than that of Pt/C (E1/2

= 0.865 V). Based on the Koutecky–Levich equation with
normalization of Pt-mass on the electrode and the ESCAs
determined above, the MA and specific activity (SA) were
calculated as 0.48 A mg−1 and 1.29 mA cm−2

(for Pt–Fe–Ni
NCs/C), 0.17 A mg−1 and 0.23 mA cm−2

(for the benchmark
Pt/C), respectively. As shown in figures 4(c), (d), the MA and
SA Pt–Fe–Ni NCs/C are about ∼2.8 times and ∼5.6 times as
high as those of the benchmark Pt/C. This remarkable
improvement could be attributed to the weakening of the

adsorption strength between the OH- and the catalytic site due
to the downshift of the Pt d-band center arising from the
ensemble effect and ligand effect owing to the incorporation
of 3d transition metals (Fe and Ni) into the Pt lattice [1, 3].
The modified electronic structure of Pt–Fe–Ni NCs/C facil-
itates the adsorption of O2 molecules, promotes the breaking
of O–O bond, and boosts the ORR activities. It is worth
mentioning that the diffusion-limited current densities of both
the Pt–Fe–Ni NCs/C and Pt/C were measured as around
−5.8 mA cm−2 under the condition of a scan rate of 5 mV s−1

and a rotation rate of 1,600 rpm, showing a four-electron
(4e−) oxygen reduction mechanism of producing water
directly as the determined current densities are consistent with
the typical value (∼5.7 mA cm−2

) for the 4e− oxygen
reduction in O2-saturated 0.1 M KOH solution according to
the Levich equation [33, 34]. The accelerated durability test
(ADT) was conducted by applying continuous potential
cycling in the range of 0.6–1.0 V versus RHE in the
O2-saturated 0.1 M KOH solution. Figure 4(b) showed the
ORR polarization curves recorded from the as-prepared Pt–
Fe–Ni NCs/C catalysts, after 5,000 and 10,000 of potential
cycles, respectively. A downshift of only 6 mV of E1/2 value
for the Pt–Fe–Ni NCs/C was observed at the ADT after
10,000 of potential cycles, indicating that the catalyst is
considerably stable. Figures 4(c), (d) illustrates the ADT-
dependent MA and SA of both types of catalysts. The MA
and SA of Pt–Fe–Ni NCs/C dropped 23% and 25%,
respectively. Compared to the Pt/C which dropped 47% and
40%, respectively, the less degradation of MA and SA for the
Pt–Fe–Ni NCs/C indicates their better stability toward ORR
in the alkaline media. It is believed that activity decay is
mainly due to the particle aggregation based on our TEM

Figure 3. The CO striping and the following cyclic voltammetry
curves of Pt–Fe–Ni NCs/C (a) and the benchmark Pt/C (b) in N2-
saturated 0.1 M KOH solution. Scanning rate: 50 mV s−1.

Figure 4. (a) Comparison of positive-going ORR polarization curves
between Pt–Fe–Ni NCs/C and the benchmark Pt/C in O2-saturated
0.1 M KOH solution. (b) Comparison of positive-going ORR
polarization curves before and after accelerated durability test of Pt–
Fe–Ni NCs/C in O2-saturated 0.1 M KOH solution. (c) Comparison
of Pt mass activity and (d) specific activity of Pt–Fe–Ni NCs/C and
the benchmark Pt/C at 0.9 V versus RHE. All the ORR polarization
curves were obtained at a scan rate of 5 mV s−1 with a rotating speed
of 1600 rpm.
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image evaluation (not shown), rather than the leaching of 3d
transition metals which usually happens in acidic media.

Furthermore, the corresponding Koutecky–Levich (K–L)
plot ( j−1 versus ω−1/2

) derived from the RDE voltammograms
(figure 5(a)) at 0.85 V is presented in figure 5(b). The K–L plot
displays good linearity and parallelism for the Pt–Fe–Ni NCs
/C catalysts, revealing the first-order reaction kinetics for ORR
as a function of the concentration of dissolved oxygen. Using
the K–L equation, the electron transfer number (n) was then
calculated as 4.07, supporting the hypothesis of a 4e− oxygen
reduction mechanism on the Pt–Fe–Ni NCs /C.

Figure 6(a) shows the polarization curves of the Pt–Fe–Ni
NCs/C and Pt/C toward OER at a scan rate of 10 mV s−1 and
a rotating speed of 1,600 rpm in O2-saturated 1 M KOH
solution. The Pt–Fe–Ni NCs/C achieves 10 mA cm−2 current
density at an overpotential of η = 0.40 ± 0.05 V, whereas the
benchmark Pt/C gives an overpotential of 0.61 ± 0.05 V. It is
apparent that the former required much lower overpotential
when compared with the latter (!η = 0.20 V), indicating its
superior OER activity. Yu et al reported Ni–Fe layered double
hydroxide hollow nanoprisms with large surface areas as well
as the Ni–Fe synergistic effect, manifesting high electro-
catalytic activity toward the OER with low overpotential and
remarkable stability [35]. We consequently believe that
optimization in the composition and specific surface area could
result in further improvement. We also propose that the pre-
sence of Ni and Fe on the surface of Pt–Fe–Ni NCs plays the
role of decreasing the oxidation energy barrier by controlling
the active catalytic sites [36, 37]. The long-term durability of

Pt–Fe–Ni NCs/C catalyst was tested by a chronopotentiometry
(CP) measurement on GC at η = 0.40 V (figure 6(b)). The
current density, j, generally remained stable over 2 h with
acceptable degradation (∼11%). Based on these evaluation
results, we conclude that the Pt–Fe–Ni NCs/C outperform the
benchmark Pt/C in their OER performance.

4. Conclusions

We report a facile colloidal synthesis approach for the prep-
aration of monodisperse Pt–Fe–Ni NCs. The produced tri-
metallic nanocatalyst, Pt–Fe–Ni NCs/C, exhibited superior
mass and specific activities toward ORR in alkaline media,
showing ∼2.8- and 5.6-times as high as those of benchmark
Pt/C catalyst, respectively. An ADT indicated that the
activity of Pt–Fe–Ni NCs/C was considerably retained after
10,000 of potential cycles in 0.1 M KOH solution. Due to the
incorporation of Fe and Ni atoms in Pt-lattice, this trimetallic
electrocatalyst also manifests enhanced electrochemical per-
formance toward OER with a smaller overpotential when
compared with the Pt/C (!η = 0.20 V). Taken together, this
work not only showcases the feasibility of the Pt-based tri-
metallic NC synthesis but also demonstrates the effect of
ORR and OER enhancement in alkaline media when 3d
transition elements are introduced into the Pt lattice.
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